2ϩ entry under resting conditions may be important for contraction of vascular smooth muscle, but little is known about the mechanisms involved. Ca 2ϩ leakage was studied in the A7r5 smooth muscle-derived cell line by patchclamp techniques. Two channels that could mediate calcium influx at resting membrane potentials were characterized. In 110 mM Ba 2ϩ , one channel had a slope conductance of 6.0 Ϯ 0.6 pS and an extrapolated reversal potential of ϩ41 Ϯ 13 mV (mean Ϯ SD, n ϭ 8). The current rectified strongly, with no detectable outward current, even at ϩ90 mV. Channel gating was voltage independent. A second type of channel had a linear current-voltage relationship, a slope conductance of 17.0 Ϯ 3.2 pS, and a reversal potential of ϩ7 Ϯ 4 mV (n ϭ 9). The open probability increased e-fold per 44 Ϯ 10 mV depolarization (n ϭ 5). Both channels were also observed in 110 mM Ca 2ϩ . Noise analysis of whole-cell currents indicates that ϳ100 6-pS channels and 30 17-pS channels are open per cell. These 6-pS and 17-pS channels may contribute to resting calcium entry in vascular smooth muscle cells.
INTRODUCTION
The fine control of intracellular Ca 2ϩ is key in the physiology of vascular smooth muscle cells. Different hormonal and physical stimuli modulate cytosolic calcium levels, and thus the contractile state, by adjusting the calcium entry and extrusion mechanisms (Orallo, 1996) . One of the more conspicuous calcium entry mechanisms is the ill-defined "calcium leakage" (Loutzenhiser et al., 1984) . In A7r5 cells, derived from embryonic rat aorta, the Ca 2ϩ entry rate at rest is 0.06 fmol min Ϫ1 cell Ϫ1 , corresponding to a whole-cell Ca 2ϩ current of 0.2 pA cell
Ϫ1
. Resting Ca 2ϩ entry is comparable in intact smooth muscle (Van Breemen et al., 1986) and cultured smooth muscle cells from adult rat aorta (Orlov et al., 1993) . Because of the small magnitude of these currents, and the lack of specific blockers, leak calcium pathways have not been investigated extensively or characterized in detail.
Experiments using 45 Ca show that most of the resting Ca 2ϩ entry in vascular smooth muscle cells is insensitive to organic calcium channel blockers, but can be inhibited by Co 2ϩ , Mn 2ϩ , and lanthanides (Loutzenhiser et al., 1984; Orlov et al., 1993; Hayashi et al., 1991; Himpens et al., 1994) . This suggests that additional pathways, distinct from L-type calcium channels, are involved. Indirect evidence from measurement of intracellular Ca 2ϩ levels suggests that resting Ca 2ϩ leakage in smooth muscle cells is a complex phenomenon involving multiple pathways for Ca 2ϩ , Ba 2ϩ , and Mn 2ϩ entry (Hughes and Schachter, 1994) , possibly due to the activity of more than one channel type. Ca 2ϩ -permeable leak channels, with distinct gating and permeation characteristics, have been observed in several different cell types (Benham and Tsien, 1987; Coyne et al., 1987; Preston et al., 1992; Coulombe et al., 1989; Chesnoy-Marchais, 1985; Kuno et al., 1986; Franco and Lansman, 1990a; Rosenberg et al., 1988) .
The physiological role of leak calcium entry in vascular smooth muscle cells is still speculative. Leakage channels could contribute to maintenance of the resting cytosolic Ca 2ϩ level (Tsien and Tsien, 1990; Kargacin and Fay, 1991; Wong and Klassen, 1993) . Leak calcium entry has also been suggested to be important for promoting Ca 2ϩ oscillations (Goldbeter et al., 1990) . Pathologically, leak Ca 2ϩ entry, mediated through specific channels, is increased in Duchenne muscular dystrophy (Franco and Lansman, 1990a; Fong et al., 1990) , and is probably responsible for the increased Ca 2ϩ levels in diseased skeletal muscle. The working hypothesis in this project was that calcium leakage in vascular smooth muscle cells results from the operation of specific channels that are open at resting membrane potentials. We have chosen the A7r5 cell line, derived from embryonic rat aorta (Kimes and Brandt, 1976) , which has been extensively used as a model to investigate calcium homeostasis in vascular cells (Karaki et al., 1997) . A7r5 cells express the same voltage-dependent and receptor-activated calcium channels observed in freshly isolated smooth muscle cells from rat aorta Missiaen et al., 1990; Obejero-Paz et al., 1993; Byron and Taylor, 1995) . Moreover, the kinetics of Ca 2ϩ mobilization from the major Ca 2ϩ sources (sarcoplasmic reticulum, mitochondria, and plasma membrane) is similar to differentiated smooth muscle cells . Given the small amount of calcium entry measured in 45 Ca experiments, we speculated that either few channels are open, the channel conductance for Ca 2ϩ ions is small, or both. Using single-channel experiments, we found that resting Ca 2ϩ influx is mediated by at least two different channel types that differ in gating kinetics and selectivity for Ca 2ϩ ions.
To calculate the number of channels per cell, we compared power spectral densities from single-channel and whole-cell recordings. The results show that both channels are present at appropriately low densities. Preliminary reports of this work have been reported in abstract form (Obejero-Paz and Scarpa, 1992; Obejero-Paz et al., 1994 , 1998 .
MATERIALS AND METHODS

Cell preparation
The A7r5 cell line, derived from embryonic rat aorta, was obtained from the American Type Culture Collection (ATCC). Cells were grown as previously described . Before each experiment, confluent cell layers were dispersed with trypsin, resuspended in Dulbecco's modified Eagle's medium containing 0.5% fetal calf serum, and plated on Aclar slips. The medium contained 0.14 g/ml cytochalasin D to maintain a rounded morphology and to improve seal formation ).
For the experiments described, the cells were placed in a 100-l chamber that was continuously perfused at a rate of 5 ml/min. Experiments were carried out at room temperature (22 Ϯ 2°C).
Single-channel experiments
The cell-attached configuration of the patch-clamp technique was used with an Axopatch-1B patch-clamp amplifier. Voltage commands were given and data were obtained using an AT-type computer, pClamp software (Clampex; Axon Instruments, Foster City, CA), and a Labmaster A-D converter. Current records were filtered at 1 kHz with a 4-pole Bessel filter and sampled at 5 kHz. Electrodes (ϳ5 M⍀) were made with borosilicate glass (World Precision Instrument, New Haven, CT) and coated with silicone rubber. The standard pipette solution contained (in mM): 110 BaCl 2 or CaCl 2 and 10 HEPES. The pH was adjusted to 7.35 with NMG (N-methyl-D-glucamine). Seals were formed in a physiological salt solution containing (in mM) 150 NaCl, 2.5 Na-HEPES, 2 CaCl 2 , pH 7.35, and the cell membrane potential was zeroed with a bath solution containing (in mM): 140 K-glutamate, 2 MgCl 2 , 2 EGTA, and 10 NMG-HEPES, pH 7.35. This solution effectively zeroes the membrane potential, because potassium currents in cell-attached patches reversed at a value close to 0 mV with 140 mM KCl in the pipette (not shown). To minimize liquid junction potentials, the reference electrode was connected to the bath by means of a 3 M KCl agar bridge. No corrections were made for possible remaining junction potentials. The mean activity coefficients of the isotonic Ca 2ϩ and Ba 2ϩ solutions, calculated according to the method of Pitzer and Mayorga (1973) , were 0.51 and 0.50, respectively. Using the Guggenheim convention (Shatkay, 1968) , the activity coefficients for divalent cations and chloride ions in the extracellular (pipette) solution were 0.25 and 0.71, respectively. Because the solution bathing the cells contained low chloride, the intracellular chloride concentration was presumably lower than in the patch pipette, producing a negative reversal potential for chloride currents.
Single-channel analysis
Single-channel current amplitudes were calculated by fitting Gaussian functions to point-by-point amplitude histograms. Subconductance states were identified using mean-variance analysis (Patlak, 1993) , calculating the variance in a seven-sample point window. Histograms included all points with a local variance below a criterion, which was varied to optimize separation of the peaks (see Fig. 1 B) . To calculate the slope conductance, single-channel currents from individual experiments were plotted as a function of membrane potential and fitted to a straight line. The reversal potential from each experiment was calculated by extrapolation of the fitted line to zero current when currents did not reverse, or when currents were only recorded at negative membrane potentials. In experiments in which the reversal was directly observed, currents near reversal were fitted to a line, and the reversal potential was interpolated as the zero current level. Reversal potential (V R ) measurements were used to calculate the relative permeability (P) of channels to monovalent (M) and divalent (D) cations, assuming constant field theory (Lewis, 1979) :
where F, R, and T have the usual meanings. Divalent (Ca  2ϩ and Ba   2ϩ ) and monovalent (K ϩ ) cation concentrations were converted to activities, multiplying by 0.25 and 0.74, respectively (Pitzer and Mayorga, 1973) . Mg 2ϩ was not included in the equation, because the intracellular Mg 2ϩ concentration is relatively low (0.5 mM), and the contribution of this cation to outward currents should be negligible. In addition, we were unable to demonstrate Gd 3ϩ -sensitive inward currents in 110 mM Mg 2ϩ (n ϭ 2). In fact, extracellular Mg 2ϩ blocks resting Ba 2ϩ currents (see Discussion). For analysis of channel open and closed times, gating events were detected by half-amplitude threshold crossing analysis, for current records interpolated with eight points between every two sample points (Colquhoun and Sigworth, 1983) . During the analysis, currents were filtered at 1 kHz with a Gaussian filter, so the effective cutoff frequency of the combined analog and digital filters was 700 Hz, with a rise time of 470 s and a dead time of 250 s (Colquhoun and Sigworth, 1983) . Events longer than two dead times were used to construct open time and closed time histograms, which were plotted according to the method of Sigworth and Sine (1987) . The maximum likelihood method was used to fit these histograms to the sum of exponential functions. We used twice the natural logarithm of the likelihood ratio to assess the number of exponential functions required to fit the distributions (Horn, 1987) . The number of exponential functions was increased until the fitted distributions were not statistically different at the 5% level. Both fitted time constants ( i ) and the fractions of events (a i ) were numbered starting from the shortest time constant.
The channels observed in this study gate in bursts. We defined bursts to include the two shortest closed time distributions, using the criterion of Jackson et al. (1983) to minimize the total number of misclassified events:
where t c is the critical time, and N i and i are the fraction of events and time constant of the second and third exponential components of the closed time distribution. Mean burst lengths were calculated by fitting exponential functions to burst length distributions, or for small numbers of bursts, by averaging the burst lengths.
To calculate the open probability in a burst, the sum of the open states within the burst was divided by the sum of open and closed states. NP o values were obtained by dividing the number of sample points above the 50% threshold by the total number of samples in the record. The steady-state open probability (P o ) was calculated from records longer than 1 min by dividing NP o by the number of channels (N). The number of channels per patch was estimated from the largest number of superimposed channel openings observed, which is a lower limit for the actual number of channels present.
Whole-cell experiments
Whole-cell currents were measured with the fast (classical) and perforated patch whole-cell configurations of the patch-clamp technique. Amphotericin B was used for the latter technique (Rae et al., 1991) . Whole-cell calcium currents were recorded using the same isotonic Ba 2ϩ solution used in single-channel experiments. The pipette solution used in the fast wholecell configuration contained (in mM) 20 CsCl, 100 Cs glutamate, 0.5 CaCl 2 , 5 MgCl 2 , 12 EGTA, 10 HEPES, pH 7.35. The intracellular solutions contained either 1 mM Na 2 GTP or 0.3 mM Na 2 GTP and 5 mM Na 2 ATP. The pipette solution for perforated patch clamp contained 75 CsSO 4 , 55 CsCl, 5 CaCl 2 , 10 HEPES, pH 7.35. Patch pipettes had resistances of 2-5 M⍀ for classical whole cell and 1-2 M⍀ for perforated patch. The access resistances were 3.8 Ϯ 1.7 M⍀ (n ϭ 21) in classical whole cell and 6.0 Ϯ 1.4 M⍀ (n ϭ 7) in perforated patch. Whole-cell currents were filtered at 1 kHz with an 8-pole Bessel filter and sampled at 5 kHz. Resting Ba 2ϩ currents were identified as the difference current present after blocking with 50 M Gd 3ϩ . Gd 3ϩ was used because it effectively blocks leak calcium currents in skeletal muscle (Franco et al., 1991) . Gd 3ϩ was removed by washing for 45 s with solutions including 0.2 mM EGTA. 
Noise analysis
The power spectral density of single-channel and whole-cell records was calculated using a fast Fourier transform routine (Press et al., 1992) . Power spectra were averaged from at least 10 records lasting 3.27 s (16,384 sample points). For single-channel data, difference spectra were calculated as the average of spectra for records with channel activity, minus the averaged spectra for null records (records with no channel activity). For whole-cell currents, the spectrum of currents recorded in the presence of 50 M Gd 3ϩ was subtracted from the spectrum recorded without Gd 3ϩ . The difference spectra were then analyzed between 0.3 Hz and 1000 Hz (single channels) or 500 Hz (whole cell). This was because whole-cell currents were also filtered by the combination of series resistance and membrane capacitance. In our experiments, using the classical whole-cell configuration, series resistance and capacitance were 4.8 Ϯ 1.8 M⍀ and 19.7 Ϯ 3.8 pF (n ϭ 7), respectively, producing an average effective cutoff frequency of 652 Hz (including the contribution of the 1 kHz analog filter).
The difference spectra were fitted to the sum of Lorentzian functions:
where S i (0) and f ci are the zero frequency asymptote and corner frequency of each Lorentzian component. The number of Lorentzian functions that fit the power spectrum was increased until the fit was not significantly improved at the 0.05 level (Horn, 1987) . The contribution of each Lorentzian component to the total noise was assessed by calculating the variance ( 2 i ):
The time constant ( i ) of each Lorentzian component was calculated from
Values were expressed as mean Ϯ SD. Experimental results were compared using t-test statistics from Sigma Plot. Values less than 0.05 were considered statistically significant.
RESULTS
Single-channel experiments show that A7r5 cells express channels that permeate divalent cations at resting membrane potentials ( Fig. 1 A) . From inspection of the recordings, it is apparent that both large and small channels are present, each showing complex kinetic behavior. The point-by-point histogram calculated from the record at Ϫ90 mV, and drawn with the dotted line in Fig. 1 B, shows the presence of multiple current levels. Four major components were fitted to Gaussian functions, and the fitted lines are indicated with dashed lines. The fast gating of the large channel precluded a clear resolution of the different current levels. Thus mean variance analysis (see Materials and Methods) was used to exclude data points occurring during transitions. The histogram indicated with the thicker line in Fig. 1 B included only data points where the local variance was lower than 0.03 pA 2 . Under these restricted conditions, four open levels can easily be identified. O1 and O3 are the main current levels, and O2 is an upper conductance level of the small channel (see below). During periods where both channels appeared to be active, a peak (O4) was observed at Ϫ3.0 pA, very close to the sum of the main conductance levels of the two channels (Ϫ2.8 pA). The additivity of current levels suggests the existence of two different channels, rather than subconductance states of a single channel. These two channels will be designated as 6-pS and 17-pS channels, according to their slope conductance in 110 mM Ba 2ϩ .
6-pS channels with 110 mM Ba
2؉
Selectivity for divalent cations and inward rectification Fig. 1 B and the inset in Fig. 2 A show that 6-pS channels exhibit two current levels. Mean variance analysis from three patches showed that the amplitudes of the main (O1) and upper conductance levels at Ϫ60 mV were Ϫ0.54 Ϯ 0.06 pA and Ϫ0.83 Ϯ 0.08 pA, respectively. The open channel spent 98 Ϯ 1% of the time in the major (6 pS) level and 2 Ϯ 1% in the upper level (n ϭ 3). The low frequency of the upper conductance level precluded further analysis. Thus the gating and permeation properties were characterized only for the more frequent conductance level. Fig. 2 shows current-voltage relationships for this component from channel records at different holding potentials ( Fig. 2  A) , or from voltage ramps between Ϫ90 and ϩ90 mV ( Fig.  2 B) . From these experiments a slope conductance of 6.0 Ϯ 0.6 pS (range 5.3-7. 3) between Ϫ90 mV and 0 mV was calculated. Interestingly, 6-pS channels did not carry detectable outward currents, even at very positive potentials ( Fig.  2 B) . In the experiment shown in Fig. 2 C, channel rectification was investigated by changing the membrane potential between Ϫ60 mV and ϩ60 mV during a long burst of channel activity. No detectable current was recorded at ϩ60 mV, even when inward currents were immediately apparent during repolarization to Ϫ60 mV. Currents from this experiment were also plotted as triangles in Fig. 2 B, to show that the single-channel current shows comparable rectification whether measured from voltage ramps or from currents recorded at different holding potentials. The reversal potential of this channel could not be measured directly, as outward currents were not observed. A lower limit for the reversal potential was determined by extrapolating the line fitted to the currents at negative membrane potentials to the zero current level. The extrapolated reversal potential from eight experiments was ϩ41 Ϯ 13 mV (range ϩ26 to ϩ60 mV). From Eq. 1, assuming that 140 mM K ϩ is the main permeable intracellular ion, the permeability ratio P Ba /P K was 28, suggesting that 6-pS channels are selective for divalent over monovalent cations. A more positive reversal potential would yield an even larger P Ba /P K ratio.
Voltage-independent gating of 6-pS channels
In Fig. 3 A, NP o values from four experiments are plotted as a function of the membrane potential. Within one patch, NP o was not dependent on voltage. Differences in NP o values across patches result, in part, from the presence of different number of channels in each patch. After correction for the estimated number of channels per patch, P o from three experiments at Ϫ60 mV ranged from 0.10 to 0.68. This variability may be explained by the occasional pres-ence of very long closed states, comparable to the length of the recording.
Six-pS channels show complex gating behavior, where openings may occur as single events or in bursts of different lengths (Fig. 3 B) . Fig. 4 A shows that the open time distribution from four experiments between Ϫ90 and Ϫ60 mV could be fitted to three (n ϭ 2) or four (n ϭ 2) exponential functions, suggesting that the channel can access multiple open states. The fourth exponential component was required to fit a population of very long openings. The closed time distribution was also complex, fitted by the sum of four (n ϭ 2) or five (n ϭ 2) exponential functions (Fig. 4 B) . The fifth exponential component accounted for a population of rare long closings, which occasionally lasted several minutes, so the parameters for that component may not have been estimated accurately. In addition, the shortest time constant was also difficult to assess, because it was only twice the dead time of the recording system (0.5 ms).
The voltage dependence of the open and closed events was assessed by comparing i 's and a i 's from two experiments between Ϫ90 and Ϫ30 mV, and Ϫ60 and Ϫ40 mV. In agreement with the voltage-independence of the steadystate open probability, no differences in time constants and relative amplitudes were apparent in that range of membrane potentials (not shown). This suggests that the voltageindependent P o reflects voltage-independent gating kinetics, not changes in opening and closing rates that may fortuitously cancel each other. Fig. 3 B shows that 6-pS channels can open as single events, or in bursts of events of variable duration. Therefore it was important to investigate whether the different burst lengths represent distinct burst types, or are extremes within a single population of bursts. A burst was defined as a train of opening and closing events ending when a closure was longer than a critical time. This time was chosen to include the two shortest closed states within the burst (Eq. 2). Fig.  4 C shows the burst length distribution at Ϫ60 mV, fitted to three exponential functions. Fig. 4 D shows the calculated P o of each burst as a function of burst duration, using the same time scale as Fig.  4 C to allow direct comparison. The shortest bursts with P o ϭ 1 were, in fact, single isolated openings. Unexpectedly, the longest bursts were associated with higher P o than the intermediate component, implying different gating kinetics within short and long bursts. The same pattern was observed at Ϫ30 mV (not shown), consistent with the voltage-independent kinetics of this channel.
Because C2 and C3 were relatively close, there was a significant possibility that individual closing events could be misclassified. To evaluate the effect of the critical time on the measured burst kinetics, the data were reanalyzed for shorter and longer times. These analyses also yielded three populations of bursts (including the single openings), with P o higher for the longest component than for the intermediate component (not shown).
pS channels with 110 mM Ba
2؉
Selectivity for divalent cations mV. Results from 10 experiments yield a slope conductance of 17.1 Ϯ 3.2 pS, and a reversal potential of ϩ7 Ϯ 4 mV. For this reversal potential, the permeability ratio P Ba /P K was 2.9.
Voltage-dependent gating of 17-pS channels
The 17-pS channels exhibited complex, voltage-dependent gating (Fig. 6 ). P o was higher at positive membrane potentials, shown either by voltage steps (Fig. 6 A) or by holding at different potentials for 1 min or more (Fig. 6 B) . The net effect of depolarization was to increase P o by e-fold for 44 Ϯ 10 mV (n ϭ 5) (Fig. 6 B) . One effect of depolarization was to evoke a population of long openings (Fig. 6 A) . At Ϫ60 mV, the open time distribution was fitted to a single exponential function in four of five experiments, with a mean open time of 1.5 Ϯ 0.7 ms (Fig. 7 A) . At ϩ60 mV, two exponential functions were required in four of five experiments, with O1 ϭ 1.1 Ϯ 0.3 ms and O2 ϭ 10.4 Ϯ 3.0 ms, and amplitudes a O1 ϭ 0.47 Ϯ 0.27 and a O2 ϭ 0.66 Ϯ 0.05 (Fig. 7 A) . There was no detectable change in the open time constants with voltage (not shown).
The closed time distributions were complex, including components with time constants ranging from 1 ms to 2 s (not shown). Because the longer components were not always well defined, the gating of the 17-pS channel was further analyzed in terms of bursts (defined by Eq. 2; see Materials and Methods). At Ϫ60 mV, the distribution of burst lengths had two main components, corresponding to single openings ( Ϸ 0.7 ms) and to true bursts ( ϭ 52 Ϯ 39 ms, n ϭ 9) (Fig. 7 B) . In three of nine experiments, the fit was improved statistically by the addition of an intermediate component with a time constant of 11.4 Ϯ 6.2 ms. When present, this component accounted for 23 Ϯ 7% of the bursts (range 4 -21%). The longer burst duration increased with depolarization (Fig. 7 B) . The intermediate and short burst durations showed no clear voltage dependence (not shown).
When analyzed in terms of bursts, there are three possible explanations for the observed increase in P o with depolarization: an increased P o during a burst, longer bursts, or shorter interburst closures. All three measures showed some degree of voltage dependence (Fig. 8) . P o during a burst was only weakly voltage-dependent (e-fold for 765 Ϯ 551 mV), and was Ͼ0.5 at all voltages (Fig. 8 A) , so this effect makes a relatively minor contribution to the overall dependence of P o on voltage (Ͼ10-fold from Ϫ60 to ϩ60 mV; Fig. 6 B) . The length of the main (longest) burst duration component increased by e-fold for 83 Ϯ 27 mV of depolarization (Fig.  8 B) , resulting in part from a significant increase in the number of openings per burst (8 Ϯ 4 at Ϫ60 mV, versus 14 Ϯ 5 at ϩ60 mV, n ϭ 5). The distribution of closed times within a burst showed no clear voltage dependence (not shown). Because most patches analyzed contained more than one channel, and interburst closings tended to be few and long, the number of bursts per second was measured, rather than the distribution of interburst closed times (Fig. 8  C) . The burst rate increased by e-fold per 94 Ϯ 41 mV of depolarization. Taken together, these results imply that voltage must affect several rate constants in the kinetic scheme for gating of 17-pS channels, with the largest effects on the rates for entering and leaving a burst.
Evidence for two distinct channel populations
The evidence described above indicates the operation of two distinct classes of channels. This conclusion is consistent with a three-dimensional plot relating slope conductance, reversal potential, and mean burst duration (Fig. 9) . The populations described above as 6-pS and 17-pS channels are encircled in the mV-pS plane by solid and dashed lines, respectively. The lower conductance channels had more FIGURE 5 17-pS channels discriminate slightly between Ba 2ϩ and K ϩ . The main panel is the currentvoltage relationship obtained from five experiments represented with different symbols. The calculated slope conductance and reversal potential from the fit of the straight line were 19 pS and ϩ8 mV, respectively. The inset shows a leak-subtracted current recorded during a voltage ramp between Ϫ90 mV and ϩ90 mV. For leak subtraction, records without channel openings were averaged and fitted to multiple exponential functions. The fitted record was then subtracted from a ramp recorded during a burst of channel activity. Patch f4o08. Table 1 . Only one observed channel, marked with an asterisk in Fig. 9 , did not fit into this classification. This channel had a slope conductance of 15 pS, in the range of the large channels. However, all of the other parameters (a positive extrapolated reversal potential (ϩ30 mV), the absence of outward current at positive membrane potentials, and voltage-independent gating at negative voltages) resembled those of the 6-pS channels (see Table 1 ).
Experiments using Ca 2؉ as current carrier
In cell-attached experiments using 110 mM Ca 2ϩ as charge carrier, both large and small channels were observed, consistent with the two main classes of channel recorded in the presence of 110 mM Ba 2ϩ (Fig. 10) . Small channels, with even smaller single-channel current amplitudes than those observed in Ba 2ϩ (Ϫ0.16 pA and Ϫ0.26 pA at Ϫ60 mV), were observed in 2 of 27 patches. In both experiments, a change in membrane potential from Ϫ80 mV to Ϫ60 mV had no detectable effect on single-channel currents, suggesting a low slope conductance. The small current precluded further analysis.
Large channels were recorded with Ca 2ϩ in four patches. Whereas current amplitudes were comparable to those observed in Ba 2ϩ (Fig. 10 B) , large channels in Ca 2ϩ showed a slightly smaller slope conductance (p Ͻ 0.03), with no significant difference in the extrapolated reversal potential. These parameters are compared in Table 1 
Noise analysis of single-channel records
Noise analysis of single-channel records was used to further characterize the gating properties of 6-pS and 17-pS channels. This information will be used later to identify, in whole-cell currents, noise components due to the gating of these channels, and to count the number of channels. This is possible because, if channels gate independently, the power spectrum of a population of channels equals the power of a single channel multiplied by the total number of channels. As a corollary, the power spectra due to distinct types of channels are additive. Experiments were performed at Ϫ60 mV rather than a more depolarized membrane potential, to increase the single-channel amplitude and to avoid contamination with possible "window" T-or L-currents (see whole-cell data below). Fig. 11 A shows the power spectral density of a 17-pS channel at Ϫ60 mV, calculated by subtracting the spectra shown in the inset. The power spectrum was well fitted by the sum of two Lorentzian functions depicted with dashed lines in Fig. 11 A. The corner frequencies from five experiments were 2.8 Ϯ 0.5 Hz and 437 Ϯ 35 Hz. Table 2 shows the corresponding time constants calculated from Eq. 5. The value of the longer component was similar to the mean burst duration (74 Ϯ 38 ms) calculated from the same experiments. The approximation of the larger time constant to the mean burst duration is expected because bursts are infrequent, and closed times within the burst are short (see Colquhoun and Hawkes, 1995 , for a theoretical justification). On the other hand, the kinetics of the fast Lorentzian component could not be clearly defined because the time constant was less than twice the dead time of the recording system (0.5 ms), and the noise approached the background noise levels (see inset in Fig. 11 A) . From Eq. 4, 83% of the variance was due to the larger component. Thus the noise of 17-pS channels at Ϫ60 mV was mostly due to transitions between bursts and long closed states. Fig. 11 B shows that at least three Lorentzian functions are required to fit the power spectrum of a 6-pS channel. Table 2 summarizes results from three experiments. Like the 17-pS channel, the slowest Lorentzian component accounts for most of the total variance of 6-pS channels (76%). For the 6-pS channel, the Lorentzian components of the noise cannot be related directly to the time constants measured from channel dwell time distributions, because there were several open and closed times and at least two types of burst.
Whole-cell experiments
Leak currents at the whole-cell level were investigated using 110 mM Ba 2ϩ . Gd 3ϩ -sensitive Ba 2ϩ currents (see Materials and Methods) were recorded at negative membrane potentials within the first 3 min after the whole-cell configuration was established, or after reaching a stable capacitative transient in the perforated patch-clamp configuration. Fig. 12 A shows whole-cell currents recorded in a perforated patch-clamp experiment before (0 Gd 3ϩ ) and after exposure to 50 M Gd 3ϩ (50 Gd 3ϩ ). The currentvoltage relationship suggests that depolarization beyond Ϫ30 mV activates T-and L-type calcium currents, consistent with previous studies on A7r5 cells (Fish et al., 1988; McCarthy and Cohen, 1989; Obejero-Paz et al., 1990) . In addition to blocking the T-and L-currents, Gd 3ϩ blocked a small "leak" current at negative membrane potentials. The extrapolation of a line fitted to the difference current from Ϫ90 mV to Ϫ30 mV suggests that the leak current reverses at a positive membrane potential (Fig. 12 A, inset) , in agreement with our single-channel data. The average current amplitudes at Ϫ60 mV with the perforated patch (Ϫ0.4 Ϯ 0.3 pA/pF, range 0 -1.0, n ϭ 7) and classical whole-cell configurations (Ϫ0.7 Ϯ 0.7 pA/pF, range 0 -2.65, n ϭ 22) were not significantly different. No difference was observed in the presence or absence of intracellular ATP dialysis (not shown). In three experiments, 2 M nifedipine blocked 51 Ϯ 3% of the L-current, with no effect on the whole-cell current at Ϫ60 mV or more negative membrane potentials, further evidence that the leak current does not result from L-channels.
The next set of experiments was designed to investigate whether the channel activity underlying the Gd 3ϩ -sensitive Ba 2ϩ currents shows spectral characteristics similar to those observed in single-channel experiments. Fig. 12 B shows an experiment using the classical whole-cell configuration, where 50 M Gd 3ϩ was added to block resting currents at Ϫ60 mV. Note that the decrease in inward current was paralleled by a decrease in current noise. The inset in Fig.  11 C shows the power spectra of whole-cell currents from this experiment, in the absence (0 Gd . Fig. 11 C shows that the difference spectrum was well fitted to four Lorentzian functions, with the three larger time constants similar to the ones calculated from single-channel experiments (see Table 2 ). The shortest time constant was not well estimated because of bandwidth limitations.
The time constants of the two slowest components of the whole-cell spectra agreed well with the main (slowest) components of the single-channel spectra (Table 2 ). This allowed estimation of the number of open channels of each To assess whether the activity of these channels can account for the current recorded in whole-cell experiments, the expected current at Ϫ60 mV was calculated from
where i is the single-channel current, P o is the open probability, and N is the number of channels. Using the i and P o values from Table 1 , the calculated resting current was Ϫ22 Ϯ 18 pA, close to the measured whole cell current (Ϫ18 Ϯ 9 pA). Taken together, these results support the notion that most of the resting whole-cell current in our experimental conditions results from the gating of the 6-pS and 17-pS channels.
DISCUSSION
Properties of Ca 2؉ leak channels in A7r5 cells
A7r5 cells have at least two different channels through which Ca 2ϩ can enter the cell at resting membrane potentials (Table 1 ). The 6-pS channels are more selective for Ba 2ϩ over K ϩ than are the 17-pS channels. This selectivity may be even greater than the indicated values, because the extrapolated reversal potential of 6-pS channels may be underestimated, as no outward current was observed. Six-pS and 17-pS channels also differ in their conductance to Ca Because channel properties in Ca 2ϩ and Ba 2ϩ were characterized in different cell-attached patches, the interpretation of these results relies upon the assumption that the same channel type was studied under both ionic conditions. The similarity in conductance, gating properties, and frequency of observation of 17-pS channels in Ba 2ϩ and Ca 2ϩ is consistent with this possibility. The two small channels observed in Ca 2ϩ resembled the 6-pS channels recorded with Ba 2ϩ (Table 1) , but the small single-channel currents with Ca 2ϩ precluded a more conclusive kinetic analysis. One interesting difference between small and large channels is the shape of the current-voltage relationship, as 6-pS channels pass no detectable outward current at positive potentials, whereas 17-pS channels have a linear current-FIGURE 8 Effect of voltage on burst open probability (A), mean burst length (B), and burst rate (number of bursts per second) (C) of 17-pS channels. The mean burst length was calculated by fitting exponential functions to the burst time distribution, or by averaging the burst lengths when few bursts were observed. Numbers near the symbols in A and B indicate the change in membrane potential in millivolts necessary for an e-fold change.
FIGURE 9 Criteria for identification of channel types. A three-dimensional graph of the relationships among mean burst duration, reversal potential, and slope conductance, for all experiments in 110 mM Ba 2ϩ , where the three parameters were calculated. The data marked with an asterisk (patch d4o12) were from an unusual channel with a slope conductance of 15 pS (see text and Table 1 ). The burst length used in the figure is the larger time constant fitted to the burst length distributions of large and small channels.
voltage relationship. The inward rectification of the 6-pS channel could be accounted for by several mechanisms: 1) Inward rectification could be of the Goldman-type resulting from the Ba 2ϩ gradient. This would be consistent with the high selectivity of that channel for Ba 2ϩ over K ϩ . 2) Rectification could also result from an intrinsic voltage-dependent gating mechanism with long-lived closed states at positive membrane potentials. However, the apparently instantaneous inward currents upon repolarization (Fig. 2 C) would require extremely fast channel opening at negative potentials. 3) Inward rectification could also result from block by a positively charged intracellular molecule, driven into the channel by depolarization.
Six-pS and 17-pS channels have complex kinetics with multiple open and closed states. Both channels gated in bursts of activity separated by long closures lasting up to several minutes, often producing clusters of bursts. However, the two channels show different kinetics. Seventeen-pS channels showed one predominant type of burst, whereas 6-pS channels showed short bursts with low P o and long bursts with high P o . The 17-pS channel, but not the 6-pS channels, showed voltage-dependent gating.
Comparison to Ca 2؉ leak channels in other cells
Leak channels with complex kinetics and voltage dependence have been described for other cells (Coyne et al., 1987; Preston et al., 1992; Coulombe et al., 1989; ChesnoyMarchais, 1985; Kuno et al., 1986; Franco and Lansman, 1990a; Rosenberg et al., 1988; Fong et al., 1990) . In vascular smooth muscle cells from rabbit ear artery, Benham and Tsien (1987) described a channel with a slope conductance of 16 pS and an extrapolated reversal potential close to ϩ10 mV in isotonic Ba 2ϩ , similar to the 17-pS channel in our experiments. The 17-pS channel of A7r5 cells is also similar in conductance and kinetics to the leak channel described in developing skeletal muscle fibers (Franco and Lansman, 1990b) , where burst duration also increased at more positive potentials and at least three exponential functions were required to fit the closed time distribution. The permeation properties of those channels are similar, with slope conductance ranging from 16 to 24 pS, a reversal potential near ϩ20 mV, and a calculated P Ba /P K ratio close to 2 (Franco and Lansman, 1990b) . Gating of the 19-pS channel in skeletal muscle was stretch-dependent, a property that we have not tested in our experiments.
The 17-pS channel shares some similarities with the channel encoded by the transient receptor potential-like (TRPL) gene involved in phototransduction in Drosophila. This channel is slightly selective for divalent cations (P Ca / P Cs ϭ 2.6) and shows voltage-dependent gating, with the open probability increasing at positive membrane potentials (Hardie et al., 1997) . Interestingly, expression of TRPL in Sf9 cells produced a constitutive active calcium entry pathway (Hu et al., 1994) .
The 6-pS channel may have even more physiological relevance in cellular Ca 2ϩ homeostasis, as it is more likely to select for Ca 2ϩ over monovalent cations under physiological ionic conditions. This channel is similar in conductance, voltage independence of channel gating, and some kinetic properties, to a lectin-activated channel open at resting conditions in lymphocytes (Kuno et al., 1986) . The 6-pS channel shares some kinetic similarity with the channel activated by depletion of intracellular Ca 2ϩ stores in A431 cells, which may open rarely at resting conditions (Luckhoff and Clapham, 1994) . However, the A431 channel had slope conductances of 16 pS with 160 mM Ba 2ϩ and 2 pS with 200 mM Ca 2ϩ . Another channel that is activated by depletion of intracellular stores and shows a finite probability of being open in resting conditions was demonstrated in bovine aortic endothelial cells . In 10 mM Ca 2ϩ this channel shows a slope conductance of 11 pS, a reversal potential of ϩ30 mV, and strong inward rectification.
Basal Ca 2؉ entry in A7r5 cells
The presence of at least two calcium channels in resting A7r5 cells is consistent with Fura 2 experiments showing that these cells express multiple pathways for Ca 2ϩ , Ba 2ϩ , and Mn 2ϩ entry (Hughes and Schachter, 1994) . The amount of Ca 2ϩ influx expected from our 6-pS and 17-pS channels is also in general agreement with 45 Ca flux measurements . Assuming that monovalent and divalent cations permeate independently following a GoldmanHodgkin-Katz relationship, and that the permeability ratios calculated in isotonic Ba 2ϩ apply to physiological Ca 2ϩ , we calculate a single-channel current of Ϫ0.06 pA for 6-pS channels at Ϫ60 mV. The current carried by Ca 2ϩ in this condition would be Ϫ0.03 pA. For 17-pS channels, the estimated single-channel current was Ϫ0.45 pA, with Ϫ0.06 pA carried by Ca 2ϩ . From these values, and our estimates of the number of open 6-pS channels (111) and 17-pS channels (32), we estimate a total Ca 2ϩ entry of 0.36 fmol min
Ϫ1
. This is six times larger than the value from 45 Ca influx (0.06 fmol min
; Fayazi et al., 1996) . Part of the difference may be accounted for by an inhibition by Mg 2ϩ , as the tracer experiments were carried out in the presence of 1 mM Mg 2ϩ , and we find that extracellular Mg 2ϩ significantly decreases resting currents in 110 mM Ba 2ϩ (data not shown). One possible role for calcium channel activity at resting membrane potentials is refilling of intracellular stores after Ca 2ϩ mobilization by vascular agonists (Hoth and Penner, 1992; Luckhoff and Clapham, 1994; Hughes and Schachter, 1994; Van Renterghem and Lazdunski, 1994) . This capacitative calcium entry mechanism has been shown in A7r5 cells and the related smooth muscle cell line A10 (Missiaen et al., 1990; Byron and Taylor, 1995; Xuan et al., 1992 ; but see Hughes and Schachter, 1994) . Even in the absence of agonist, the finite open probability of leak channels could help maintain stable intracellular Ca 2ϩ levels (Missiaen et al., 1993; Fayazi et al., 1996) . As noted above, the channels reported here have some similarities to channels involved in Himpens et al., 1994) . This suggests that changes in Ca 2ϩ content of intracellular stores would develop slowly, whereas background channel activity in some instances was noted at the beginning of the experiment. In addition, we observed resting currents with Ba 2ϩ in perforated patch recordings, where no depletion of intracellular calcium stores should occur.
In preliminary experiments, we have observed resting Gd 3ϩ -sensitive currents in primary cultured aortic cells, suggesting that the leak channel activity of A7r5 cells is shared by other smooth muscle cells (not shown).
Leak channels may not be the only pathways for calcium entry at resting membrane potentials in physiological Ca 2ϩ . Evidence for L-type calcium channel activity under resting conditions has been presented for smooth muscle cells from coronary (Ganitkevich and Isenberg, 1990 ) and posterior cerebral (Rubart et al., 1996) arteries. Hayashi et al. (1991) reported that 40% of resting Ca 2ϩ entry in A7r5 cells is sensitive to DHPs, although no DHP-sensitive resting Ca 2ϩ entry was found by Himpens et al. (1994) in A7r5 cells or by Orlov et al. (1993) in cultured aortal smooth muscle cells. Voltage-dependent calcium entry through L-type calcium channels occurs in a "voltage window," where at steady state some channels are not inactivated, and have a low but finite probability of being open (Imaizumi et al., 1989; Fleischmann et al., 1994) . We have not investigated L-channel channel activity in steady recordings at negative membrane potentials in single-channel experiments. However, the channels observed in this study are not L-channels, because 1) L-channels are more strongly voltage-dependent, and show rare brief openings rather than bursts at strongly negative voltages (Ganitkevich and Isenberg, 1990) , and 2) L-channels have a slope conductance of 25 pS (Obejero-Paz et al., 1993) with predicted single-channel current of Ϫ2.7 pA at Ϫ60 mV, twice the current carried by the 17 pS channel (see Table 1 ).
There is evidence for the presence of T-type calcium channels in A7r5 cells (Fish et al., 1988; McCarthy and Cohen, 1989) and native vascular smooth muscle cells (Benham and Tsien, 1987; Ganitkevich and Isenberg, 1990; Ohya et al., 1993; Wilde et al., 1994; McDonald et al., 1994) . However, we can exclude the possibility that the channels observed here were T-type calcium channels, which have a slope conductance of 12 pS and gate in short bursts (Chen and Hess, 1990) . Moreover, our whole-cell experiments show that in isotonic Ba 2ϩ only a very small Power spectra were calculated from single-channel records showing either 6-pS or 17-pS activity, and from whole-cell experiments. Lorentzian components with similar time constants in single-channel and whole-cell recordings were aligned for clarity. The right column indicates the number of experiments analyzed.
FIGURE 12 Whole-cell currents in isotonic Ba 2ϩ . (A) Currents during voltage ramps from Ϫ100 mV to ϩ100 mV before (0 Gd 3ϩ ) and after exposure to 50 mM Gd 3ϩ (50 Gd 3ϩ ) in a perforated patch-clamp experiment. In each condition four currents were averaged. Inset: Difference current ϮGd 3ϩ , from Ϫ100 to 0 mV. The straight line was fitted from Ϫ90 to Ϫ30 mV. Cell a7701, whole-cell capacitance ϭ 27.4 pF. (B) Currents at Ϫ60 mV with isotonic Ba 2ϩ in the classical whole-cell configuration. Each point represents the average of 16,384 samples recorded at 5000 Hz. Sample records taken at the indicated times are shown below. Cell c7908, whole-cell capacitance ϭ 16 pF.
fraction of L-type and T-type calcium channels would be open at Ϫ60 mV (see Fig. 12 A) . Nonetheless, a small fraction of L-and T-channels could be open at resting physiological Ca 2ϩ because of the shift of the activation curve toward more negative values (Rubart et al., 1996) . Further experiments will be necessary to evaluate the relative contribution of L-, T-, and leakage channels to calcium entry at resting membrane potentials, especially in native vascular smooth muscle cells under physiological conditions.
In conclusion, our results define two possible pathways for calcium entry at resting membrane potentials in unstimulated A7r5 cells: a highly selective 6-pS channel that does not pass detectable outward current, and a weakly selective 17-pS channel with moderately voltage-dependent gating. These channels can account for the current recorded at hyperpolarized membrane potentials in whole-cell experiments.
